The F-box protein FBXO31 is a tumor suppressor that is encoded in 16q24.3, for which there is loss of heterozygosity in various solid tumors. FBXO31 serves as the substrate-recognition component of the SKP/Cullin/F-box protein class of E3 ubiquitin ligases and has been shown to direct degradation of pivotal cell-cycle regulatory proteins including cyclin D1 and the p53 antagonist MDM2. FBXO31 levels are normally low but increase substantially following genotoxic stress through a mechanism that remains to be determined. Here we show that the low levels of FBXO31 are maintained through proteasomal degradation by anaphase-promoting complex/cyclosome (APC/C). We find that the APC/C coactivators CDH1 and CDC20 bind to a destruction-box (D-box) motif present in FBXO31 to promote its polyubiquitination and degradation in a cell-cycle-regulated manner, which requires phosphorylation of FBXO31 on serine-33 by the prosurvival kinase AKT. Following genotoxic stress, phosphorylation of FBXO31 on serine-278 by another kinase, the DNA damage kinase ATM, results in disruption of its interaction with CDH1 and CDC20, thereby preventing FBXO31 degradation. Collectively, our results reveal how alterations in FBXO31 phosphorylation, mediated by AKT and ATM, underlie physiological regulation of FBXO31 levels in unstressed and genotoxically stressed cells.
The F-box protein FBXO31 is a tumor suppressor that is encoded in 16q24.3, for which there is loss of heterozygosity in various solid tumors. FBXO31 serves as the substrate-recognition component of the SKP/Cullin/F-box protein class of E3 ubiquitin ligases and has been shown to direct degradation of pivotal cell-cycle regulatory proteins including cyclin D1 and the p53 antagonist MDM2. FBXO31 levels are normally low but increase substantially following genotoxic stress through a mechanism that remains to be determined. Here we show that the low levels of FBXO31 are maintained through proteasomal degradation by anaphase-promoting complex/cyclosome (APC/C). We find that the APC/C coactivators CDH1 and CDC20 bind to a destruction-box (D-box) motif present in FBXO31 to promote its polyubiquitination and degradation in a cell-cycle-regulated manner, which requires phosphorylation of FBXO31 on serine-33 by the prosurvival kinase AKT. Following genotoxic stress, phosphorylation of FBXO31 on serine-278 by another kinase, the DNA damage kinase ATM, results in disruption of its interaction with CDH1 and CDC20, thereby preventing FBXO31 degradation. Collectively, our results reveal how alterations in FBXO31 phosphorylation, mediated by AKT and ATM, underlie physiological regulation of FBXO31 levels in unstressed and genotoxically stressed cells.
APC/C | FBXO31 | cell-cycle regulation | AKT | ATM A naphase-promoting complex/cyclosome (APC/C) is a large, multisubunit E3 ubiquitin ligase that regulates the progression through and exit from mitosis by polyubiquitinating cellcycle regulators and targeting them for degradation by the 26S proteasome (1) . APC/C substrates are recruited to the enzyme by interchangeable cell-cycle-regulated coactivator proteins. The two major APC/C coactivators are CDH1 and CDC20, which bind to their substrates at different times during the cell cycle and target them to APC/C, thus driving the cell cycle forward (2) . CDC20 is active during mitosis and promotes anaphase onset by targeting mitotic cyclins and securin, whereas CDH1 becomes active during mitotic exit and has essential targets in the G1 phase (1, 3) . The majority of CDH1 and CDC20 substrates contain a canonical destruction-box (D-box) motif, which is required for CDH1-and CDC20-dependent ubiquitination and degradation (2) .
We have been studying the F-box protein FBXO31, a tumor suppressor encoded in 16q24.3, a region in which there is loss of heterozygosity in breast, ovarian, hepatocellular, and prostate cancers (4) (5) (6) (7) (8) . FBXO31 serves as the substrate-recognition component of the SKP/Cullin/F-box protein class of E3 ubiquitin ligases (5) . We initially identified FBXO31 as one of 17 factors required for oncogenic BRAF to induce senescence (9) . We subsequently showed that, following genotoxic stress, FBXO31 is phosphorylated by the DNA damage kinase ataxia telangiectasia-mutated (ATM), resulting in increased levels of FBXO31, which can induce growth arrest in G1 or G2/M through two independent pathways that differ with regard to both substrates and p53 dependence (10, 11) . In p53-positive cells following genotoxic stress, FBXO31 directly interacts with and mediates the degradation of MDM2, the major negative regulator of the tumor suppressor p53 (10) . The decreased MDM2 results in increased levels of p53, which promote growth arrest and senescence through transcriptional activation of p21 and other p53 target genes. In p53-deficient cells following genotoxic stress, FBXO31 interacts with and mediates degradation of cyclin D1, an important regulator of the G1/S transition, resulting in G1 arrest (11) . FBXO31 has also been shown to target several other proteins, including the DNA replication factor CDT1 (12), the mitotic regulator FOXM1 (13) , and the p38 activator MKK6 (14) .
In unstressed cells, FBXO31 is maintained at a low level, resulting, at least in part, from proteasomal degradation (11) . The mechanism by which FBXO31 is maintained at low levels in unstressed cells and is counteracted following DNA damage remains to be determined. Here we report that, in unstressed cells, FBXO31 levels are maintained at a low level by APC/C through the coordinated action of CDH1 and CDC20. We further show that APC/C-mediated degradation of FBXO31 is inhibited when FBXO31 is phosphorylated by ATM following genotoxic stress. Our results reveal the mechanism that regulates FBXO31 levels in unstressed cells and following genotoxic stress.
Results

FBXO31 Is Regulated Through Proteasomal Degradation Promoted by
APC/C Coactivators CDH1 and CDC20. To begin studying the mechanism by which FBXO31 is maintained at low levels in unstressed cells, we first monitored endogenous FBXO31 expression throughout the cell cycle. Briefly, immortalized human embryonic kidney
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The tumor suppressor protein FBXO31 is maintained at low levels in unstressed (normal cycling) cells, but rapidly increases following genotoxic stress (DNA damage), leading to induction of growth arrest or senescence. The mechanism that underlies physiological regulation of FBXO31 is unknown. Here we show that in unstressed cells FBXO31 is maintained at low levels by anaphase-promoting complex/cyclosome (APC/C), a ubiquitin ligase that targets cell-cycle regulatory substrates for proteasomal degradation. APC/C coactivators CDH1 and CDC20 interact with FBXO31 and coordinate its degradation, which requires phosphorylation by the prosurvival kinase AKT. Following genotoxic stress, FBXO31 is phosphorylated by another kinase, ATM, disrupting its interaction with CDH1 and CDC20 and preventing its degradation. Thus, altered phosphorylation underlies physiological regulation of FBXO31 levels.
(HEK293T) cells were synchronized by treatment with the DNA replication inhibitor hydroxyurea (HU), which arrests cells at the G1/S boundary, and, following HU release, FBXO31 levels were detected by immunoblotting. As controls, we also monitored the cell-cycle-regulated proteins cyclin A and cyclin B. Consistent with previous reports (5, 12), we found that FBXO31 levels oscillated during the cell cycle: FBXO31 levels were low in late G1 to S, high in early G2 to G2/M, and then low from late M to G1 (Fig. 1A and Fig. S1A ). FBXO31 mRNA levels did not change during the cell cycle (Fig. S1B) , confirming that cell-cycle regulation of FBXO31 occurred at the posttranscriptional level.
Notably, the cell-cycle-regulated pattern of FBXO31 protein levels showed similarity to those of cyclin B, which is degraded during mitotic exit and G1 by APC/C coactivators CDC20 and CDH1, respectively (15) , suggesting that FBXO31 levels may be regulated by a similar mechanism. Consistent with this possibility, FBXO31 contains multiple D-box motifs (5), which, as stated above, reside in APC/C substrates targeted by CDH1 and CDC20. We therefore investigated the involvement of APC/C in regulating FBXO31. As a first test of this idea, we generated HEK293T cells stably expressing a control nonsilencing (NS) shRNA or an shRNA targeting APC2 or APC11, two catalytic subunits of APC/C (16), and monitored FBXO31 protein levels by immunoblotting. Knockdown of APC2 ( (Fig. S2B) , in which APC/C is known to be inactive (17) , which likely contributes to the increased FBXO31 levels.
Next, we performed a series of experiments to determine whether FBXO31 levels were regulated by CDH1 and/or CDC20. First, we ectopically expressed CDH1 or CDC20 in HEK293T cells and monitored the levels of FBXO31, or as a control cyclin B, by immunoblotting. Ectopic expression of either CDH1 (Fig. 1C) or CDC20 ( Fig. 1D ) decreased levels of cyclin B, as expected, and also resulted in decreased levels of FBXO31. By contrast, ectopic expression of CDH1 or CDC20 failed to reduce FBXO31 levels in APC2-depleted cells (Fig. 1E ). Addition of a proteasome inhibitor, MG132, blocked the ability of ectopically expressed CDH1 or CDC20 to decrease FBXO31 levels ( Fig. 1 C and D) , indicating that the CDH1-or CDC20-mediated decrease in FBXO31 resulted from proteasomal degradation. Consistent with this conclusion, FBXO31 mRNA levels were unaffected by ectopic expression of CDH1 or CDC20 (Fig. S3A ). Finally, we performed a cycloheximide chase/immunoblot assay and found that the half-life of endogenous FBXO31 was markedly reduced following ectopic expression of CDH1 or CDC20 (Fig. 1 F and G and Fig. S3 B and C).
We next performed a reciprocal set of experiments, in which we knocked down CDH1 or CDC20 and monitored FBXO31 levels. The immunoblots of Fig. 1 H and I show that shRNAmediated knockdown of CDH1 or CDC20 in HEK293T cells resulted in increased FBXO31 protein levels. Consistent with these results, the half-life of endogenous FBXO31 was substantially longer in CDH1-or CDC20-depleted HEK293T cells than in NS shRNA-expressing cells ( Similar results were obtained following knockdown of CDH1 or CDC20 in an unrelated cell line, MCF7 (Fig. S3 F-I ). Collectively, these results demonstrate that APC/C regulates FBXO31 levels through CDH1 and CDC20.
The above experiments were performed in asynchronous cells, and we therefore sought to confirm the ability of CDH1 and CDC20 to regulate FBXO31 levels during specific phases of the cell cycle. Toward this end, we synchronized CDH1-or CDC20-depleted HEK293T cells with nocodazole, which arrests cells at the G2/M boundary. As controls, we monitored cyclin B and SKP2, which is targeted by CDH1 at G1 (18) . Consistent with the results of Fig. 1A , in control cells expressing an NS shRNA, FBXO31 levels decreased following release from the G2/M transition (Fig. S4A) . CDH1 knockdown resulted in increased FBXO31 levels predominantly from late M to G1. By contrast, CDC20 knockdown resulted in increased FBXO31 levels predominantly at late M. Knockdown of CDH1 or CDC20 resulted in a small increase in cells in G2/M (Fig. S4B) , in which APC/C is known to be inactive (17) , which likely contributes to the increased FBXO31 levels. Notably, FBXO31 mRNA levels remained unchanged in CDH1-or CDC20-depleted cells following release from nocodazole arrest (Fig. S4C) . Collectively, these results indicate that CDH1 and CDC20 promote degradation of FBXO31 during the G1 and late M phases of the cell cycle, respectively.
CDH1 and CDC20 Interact with FBXO31 Through Its First D-Box Motif, Which Is Required for Proteasomal Degradation. To test whether CDH1 and CDC20 interact with FBXO31, we performed a series of coimmunoprecipitation experiments. In all cases, HEK293T cells were pretreated with MG132 before preparation of protein extracts. Fig. 2 A and B shows that FBXO31 could be detected in CDH1 or CDC20 immunoprecipitates and, conversely, that CDH1 or CDC20 could be detected in the FBXO31 immunoprecipitates. Similar results were obtained in reciprocal coimmunoprecipitation experiments using ectopically expressed proteins (Fig. S5 A and  B) . To determine whether the interaction between FBXO31 and CDH1 or CDC20 occurred in a cell-cycle-dependent manner, HEK293T cells were synchronized using HU, and, following HU release, extracts from cells in G1/S, G2/M, or G1 phase were immunoprecipitated using an anti-CDH1 or anti-CDC20 antibody. As shown in Fig. 2C, FBXO31 interacted with CDH1 predominantly in the G1/S and G1 phases, whereas CDC20 interacted with FBXO31 in G2/M (Fig. S5C) .
Both CDH1 and CDC20 interact with their substrates through a recognition motif known as a D-box, which consists of a simple core sequence of an arginine followed two residues later by a leucine (RxxL) (2, 19, 20) . Analysis of the FBXO31 protein sequence revealed eight conserved putative D-box motifs (Fig.  2D ). Previous studies with cyclin B have demonstrated that it contains two D-box motifs, the first of which is required to mediate protein degradation (21, 22) . Therefore, as a first step toward delineating the functional D-box motif(s) in FBXO31, we generated an FBXO31 mutant in which residues 1-67, including the first D-box motif, were deleted [FBXO31(ΔD1)]. We ectopically coexpressed wild-type Flag-FBXO31 [FBXO31(WT)] or Flag-FBXO31(ΔD1) in the presence or absence of ectopically expressed CDH1 or CDC20 and monitored FBXO31 levels using an anti-Flag antibody. The immunoblots of Fig. 2 E and F demonstrate that the FBXO31(ΔD1) mutant was not degraded following ectopic expression of CDH1 or CDC20. The coimmunoprecipitation experiments of Fig. 2 G and H confirmed that, unlike FBXO31(WT), FBXO31(ΔD1) did not detectably interact with CDH1 or CDC20.
D-box-dependent substrate degradation can be ablated by mutating the arginine and leucine residues within the RxxL motif to alanine (22) . To further substantiate the importance of the first D-box motif of FBXO31, we performed site-directed mutagenesis to generate a mutant in which both Arg-64 and Leu-67 were mutated to Ala (R64A/L67A). The immunoblots of Fig.  2 I and J show that the FBXO31(R64A/L67A) mutant was not degraded following ectopic expression of CDH1 or CDC20. Furthermore, the half-life of the FBXO31(R64A/L67A) mutant was substantially increased compared with FBXO31(WT) in cells ectopically expressing either CDH1 or CDC20 (Fig. S5 D and E) . Collectively, these results indicate that the first D-box motif of FBXO31 is necessary for interaction with CDH1 and CDC20 and for subsequent degradation.
Polyubiquitination of FBXO31 by CDH1 or CDC20 Is Dependent on
Phosphorylation by AKT Kinase. CDH1 and CDC20 interact with and promote polyubiquitylation of their substrates (23, 24) . We therefore assessed whether CDH1 and CDC20 could promote polyubiquitination of FBXO31. In the first experiment, we performed an in vivo ubiquitination assay in which HEK293T cells were cotransfected with plasmids expressing His-ubiquitin, HA-CDH1, or HA-CDC20 and Flag-FBXO31(WT), Flag-FBXO31(ΔD1), or Flag-FBXO31(R64A/L67A). His-ubiquitin-conjugated proteins were purified using nickel beads under stringent denaturing conditions, followed by immunoblotting with an anti-Flag antibody. The results confirmed that ectopic expression of CDH1 (Fig. 3A and Fig. S6A ) or CDC20 (Fig. 3B and Fig. S6B ) promoted polyubiquitination of FBXO31(WT), but not of the FBXO31(ΔD1) or FBXO31(R64A/L67A) mutant.
Generally, recognition by E3 ubiquitin ligases requires phosphorylation of the substrate, which serves as a signal for ubiquitin-dependent destruction (25) (26) (27) . Previous studies have shown that AKT has a prominent role in promoting progression through the cell cycle by acting on diverse downstream factors involved in controlling the G1/S and G2/M transitions (reviewed in ref. 28 ). We therefore hypothesized that AKT could mediate the phosphorylation of FBXO31 required for its degradation by APC/C. To determine whether AKT was involved in regulating FBXO31 stability, we expressed an shRNA targeting AKT in HEK293T cells and monitored FBXO31 levels by immunoblot analysis. Fig. 3C shows that shRNA-mediated knockdown of AKT led to increased FBXO31 levels. Consistent with this result, treatment of HEK293T cells with a specific AKT chemical inhibitor resulted in increased FBXO31 protein levels in a dosedependent manner (Fig. 3D) . We also observed that, following ectopic expression of CDH1 or CDC20, degradation of endogenous FBXO31 was decreased by the AKT inhibitor (Fig. 3 E  and F) . Likewise, polyubiquitination of endogenous FBXO31 was also significantly reduced by the AKT inhibitor (Fig. S7A) .
Although we could not find a consensus AKT phosphorylation site in FBXO31, previous reports have demonstrated that AKT can phosphorylate substrates independent of the consensus sequence (29, 30) . As a first step to determine which residue of FBXO31 was phosphorylated by AKT, we immunoprecipitated FBXO31 in the presence or absence of AKT inhibitor followed by immunoblotting with an anti-phosphorylated-Ser (p-Ser) or anti-phosphorylated-Thr (p-Thr) antibody to detect phosphorylated residues. The results of Fig. 3G show that the p-Ser signal in the FBXO31 immunoprecipitate was abrogated by treatment with the AKT inhibitor, whereas the p-Thr signal was only modestly affected. To predict which specific serine residue(s) of FBXO31 are likely to be phosphorylated by AKT, we queried the PhosphoSite database (31), which revealed Ser-33 as the most highly reported phosphorylated residue in FBXO31. To determine whether AKT phosphorylates FBXO31 at Ser-33, we constructed an FBXO31 derivative in which Ser-33 was mutated to Ala [FBXO31(S33A)]. The in vitro kinase assay of Fig. 3H shows that AKT could phosphorylate FBXO31(WT) but not FBXO31(S33A), demonstrating that AKT directly phosphorylates FBXO31 at Ser-33.
Next, we tested the ability of CDH1 and CDC20 to degrade the phosphorylation-defective FBXO31(S33A) mutant. Immunoblot analysis showed that FBXO31(S33A) was not degraded following ectopic expression of CDH1 (Fig. 3I) or CDC20 (Fig.  3J) . Furthermore, an in vivo ubiquitination assay showed that, unlike FBXO31(WT), ectopically expressed CDH1 or CDC20 failed to promote polyubiquitination of FBXO31(S33A) (Fig. S7B) .
Finally, we confirmed these in vivo results using an in vitro ubiquitination assay. In brief, we assembled reaction mixtures containing FBXO31 and cofactors (E1, E2, ubiquitin, and ATP) in the presence or absence of AKT and either CDH1 or CDC20 immunopurified from transfected HEK293T cells (i.e., associated with APC/C). Fig. S7C shows that immunopurified CDH1 or CDC20 promoted polyubiquitination of FBXO31 in vitro in the presence but not the absence of AKT. Collectively, these results show that polyubiquitination of FBXO31 directed by CDH1 or CDC20 and subsequent degradation is dependent upon phosphorylation of FBXO31 by AKT.
Interaction Between FBXO31 and CDH1 or CDC20 Is Perturbed Following DNA Damage. Previous studies have shown that diverse DNAdamaging agents increase FBXO31 levels, indicating that stabilization of FBXO31 is a general response to genotoxic stress (11, 14) . We therefore sought to determine whether the stabilization of FBXO31 following DNA damage is due to the loss of interaction with CDH1 and CDC20. To test this idea, we performed coimmunoprecipitation experiments in HEK293T cells that were either untreated or treated with a DNA-damaging agent. Following treatment with ionizing radiation (IR) (Fig. 4A) or the topoisomerase inhibitor doxorubicin (Fig. S8A) , the interaction between endogenous FBXO31 and CDH1 or CDC20 was lost. Similar results were obtained following treatment of MCF7 cells with either IR or the topoisomerase inhibitor etoposide (Fig. S8  B and C) .
Our previous study showed that DNA-damage-induced stabilization of FBXO31 is mediated posttranslationally by ATM, which phosphorylates FBXO31 at Ser-278/Gln-279 (11) . To determine whether the loss of the FBXO31-CDH1 or FBXO31-CDC20 interaction following DNA damage was due to phosphorylation of FBXO31 by ATM, we performed coimmunoprecipitation experiments in irradiated HEK293T cells following shRNAmediated depletion of ATM. As shown in Fig. 4B, CDH1 and CDC20 failed to interact with FBXO31 in irradiated cells expressing a control NS shRNA. However, in ATM-depleted cells, the interaction of FBXO31 with CDH1 or CDC20 still occurred following irradiation. By contrast, in cells depleted of the catalytic subunit of another DNA damage kinase, DNAdependent protein kinase (DNA-PKcs), CDH1 and CDC20 failed to interact with FBXO31 in irradiated cells (Fig. S9A) . Thus, loss of the FBXO31-CDH1 and FBXO31-CDC20 interactions is not a general consequence of activation of the DNA damage response. These results suggest that ATM-mediated phosphorylation of FBXO31 on Ser-278 prevents interaction between FBXO31 and CDH1 or CDC20, which leads to stabilization of FBXO31 following DNA damage.
Several previous reports have suggested that genotoxic stress inactivates AKT signaling (32) (33) (34) , and we therefore sought to determine if AKT-mediated phosphorylation of FBXO31 was reduced following genotoxic stress. Toward this end, we generated an FBXO31 derivative containing residues 1-100 [FBXO31 (1-100)], which harbors the AKT phosphorylation site (Ser-33) but lacks the ATM phosphorylation site (Ser-278). We then monitored serine phosphorylation of the FBXO31(1-100) derivative following DNA damage by treatment of HEK293T cells with IR. We found that the FBXO31(1-100) derivative was phosphorylated in unstressed cells, as expected, and was unaffected following treatment with IR (Fig. S9B) . Consistent with this result, we also found that in IR-treated cells, serine phosphorylation of FBXO31 was not increased following treatment with an ATM inhibitor, indicating that ATM-mediated phosphorylation of FBXO31 does not impede AKT-mediated phosphorylation (Fig.  S9C) . Collectively, these results indicate that AKT-mediated Ser-33 phosphorylation persists even following genotoxic stress.
Discussion
The results of our study are summarized in the model of Fig. 4C . In unstressed cells, FBXO31 levels are low due to proteasomal degradation mediated by the coordinated action of the APC/C coactivators CDH1 and CDC20. In these cells, FBXO31 is phosphorylated at Ser-33 by AKT, a well-known proliferative protein kinase (35) . Following genotoxic stress, FBXO31 is phosphorylated by the DNA damage kinase ATM, which results in loss of interaction with CDH1 and CDC20, leading to increased FBXO31 levels. Notably, AKT-mediated Ser-33 phosphorylation is not reduced following DNA damage (Fig. S9B) . Therefore, ATM-mediated phosphorylation of Ser-278, even in the presence of Ser-33 phosphorylation, is sufficient to trigger loss of interaction with CDH1 and CDC20, leading to FBXO31 stabilization. Thus, our results reveal how alterations in FBXO31 phosphorylation, mediated by AKT and ATM, underlie physiological regulation of FBXO31 levels in unstressed and genotoxically stressed cells.
CDH1/CDC20-mediated regulation of FBXO31 occurs in a cell-cycle-dependent manner, with CDH1 targeting FBXO31 in G1 and CDC20 targeting FBXO31 in late M phase. By contrast, FBXO31 levels are elevated from early G2 to G2/M. Consistent with this result, two previous studies have provided evidence for FBXO31 playing key roles in early G2 to G2/M. First, in early-tomid G2, FBXO31 targets the DNA replication licensing factor CDT1 to prevent rereplication (12) . Second, FBXO31 plays an important role during the G2/M transition, where it regulates the levels of FOXM1, a transcription factor and master regulator of mitosis (13) . Notably, FBXO31 levels are low in S phase, when APC/C is inactive; the mechanism(s) and factor(s) that regulate FBXO31 levels during S phase remain to be determined.
FBXO31 is a tumor suppressor that is stabilized in response to various genotoxic stresses (11, 14) and functions by maintaining genomic stability by activating cell-cycle checkpoints and inducing senescence or growth arrest (10, 11, 13) or protecting cells from stress-induced apoptosis (14) . Collectively, our results reveal the mechanism required for physiologically regulating FBXO31 levels in unstressed cells and following genotoxic stress, which is essential to its tumor suppressor function.
Materials and Methods
Materials and methods used for cell culture, cell synchronization, drug treatment, plasmid construction (including mutagenesis), RNAi, qRT-PCR, immunoblotting and coimmunoprecipitation, cycloheximide chase, in vitro kinase assays, and in vitro and in vivo ubiquitination assays are available in SI Materials and Methods. All quantitative data were collected from experiments performed in at least triplicate and are expressed as mean ± SD or SEM.
